To better understand the role of nutrition in regulating mammary gland development and lactation, we designed a novel stair-step compensatory nutrition regimen that is a unique combination of dietary energy restriction and realimentation (refeeding) phases; the basic concept of this regimen is to exploit the biological nature of the compensatory growth phenomenon in concert with one or more hormone-sensitive allometric phases of mammary development (i.e., peripuberty through gestation). Nutritionally induced compensatory growth during different developmental stages before first parturition positively affects mammary development and life-long lactation performance. This permanent enhancement of mammary gland growth and lactation potential strongly suggests a possible mechanistic link between nutritionally induced compensatory growth, epigenetic control of mammary gene expression, and metabolic imprinting. We hypothesize that compensatory-directed metabolic imprinting once set during late pregnancy prior to the first parturition persistently maintains and exerts its adaptive response on mammogenesis and galactopoiesis (i.e., maintenance and/or enhancement of milk secretion). The ability to influence heritable genes regulating milk synthesis may be used to improve the quality and quantity of milk (e.g., infant health, the secretion of certain immunoglobulins or growth factors) as well as the longevity of lactation.-Park, C. S. Role of compensatory mammary growth in epigenetic control of gene expression. FASEB J.
NUTRITIONALLY DIRECTED COMPENSATORY MAMMARY DEVELOPMENT AND LACTATION POTENTIAL

Stair-step compensatory nutrition model
We have developed a nutrition regimen that is a combination of alternating dietary energy restriction and realimentation phases. The basic concept of this model is to exploit the biological nature of both dietary energy restriction and the compensatory growth phenomenon in concert with one or more hormonedependent allometric phases of mammary development (i.e., prepuberty, puberty, and late gestation). Energy restriction (i.e., providing all known essential nutrients but reducing caloric intake) has a profound influence on the biology and health of animals including the retardation of aging and the reduction of cancer incidence and other late-life diseases (5) . Through modulation of endocrine and enzymatic status, energy restriction shifts the physiological focus to energy-conserving activities, mainly maintenance and repair functions, and decreases certain energy-wasteful metabolic pathways (e.g., substrate cycles) that are not essential for growth (6) . Realimentation (refeeding) after energy restriction induces compensatory growth, which is characterized by an accelerated anabolism, a reduced maintenance requirement, an activated endocrine status, and an altered tissue composition (7, 8) . Compensatory growth enhances the efficiency of general body development and induces hyperplasia and hypertrophy of tissues and organs, including the mammary gland (9) . Hence, when using the stair-step compensatory nutrition model, mammary development is minimized during the energy restriction phase and maximized during the realimentation or compensatory growth phase.
We have examined various stair-step compensatory nutrition regimens (one-, two-, or three-step models) for dairy and beef heifers, gilts, and female rats. Our flag ship regimen was a three-step program for dairy heifers; a step is one energy restriction phase followed by one realimentation phase. Specifically, step 1 (prepuberty) entailed energy restriction for 3 months followed by realimentation for 2 months.
Step 2 (puberty) was energy restricted for 4 months followed by realimentation for 3 months. Finally, step 3 (gestation) consisted of 4 months of energy restriction and concluded with 2 months realimentation (10). While multistep programs (i.e., two or more compensatory growth phases) are effective, there have been increasing demands by a number of scientists in nutrition and biology for a simplified regimen. Furthermore, realizing that most mammary development takes place during gestation, our recent thrust has been on one-step regimens designed to induce compensatory mammary gland development during the last trimester of gestation after energy restriction during midgestation (4, 11, 12) . Our latest gestational model described herein is for rats (4) . Control rats were offered ad libitum access to the control diet (AIN 93G with 16% protein and 17 MJ/kg gross energy) [13] throughout the trial. The compensatory nutrition regimen began with dietary energy restriction (40%) during the first 10 days of gestation, followed by dietary energy realimentation (free access to the control diet) for the remainder of the trial, thus providing a theoretically overall 20% reduction in energy intake compared with that of the control group. The energy-restricted diet was formulated to provide an intake of protein, vitamins, and minerals similar to that of the control group except for energy; i.e., during the energy restriction phase, rats were fed the energy-restricted diet (27% protein and 17 MJ/kg gross energy) at 60% of the mean intake consumed ad libitum by the control group. In general, animals reared on compensatory nutrition regimens show improvements in growth efficiency and mammary development and subsequent lactation performance. The mammary gland from compensatory animals shows increased cell proliferation with concurrent elevations of the expression of genes involved in cell proliferation and differentiation (2, 4, 14) . As a result of improved mammogenesis, animals have higher lactation potential and longevity of lactation; more significantly, this effect carries through to subsequent lactations (2, 10, 15) . The data presented hereafter are a composite from studies using various animal species and regimens with one-, two-, or three-step phases.
Mammary cell proliferation and differentiation
The number of mammary secretory cells is a major factor in determining lactation performance. Proper nutritional status especially during late gestation is critical to maximal mammary cell proliferation as most epithelial cell proliferation occurs during the last trimester of gestation (16) . Cell proliferation is consistently greater in mammary tissues from rats in compensatory growth groups during midgestation, late gestation, and early lactation compared with those from control groups ( Table 1) . Even more noteworthy, cell proliferation is greater in mammary tissues from the compensatory group during both the first and second lactation cycles compared with those from the control group (2), suggesting that compensatory mammary hyperplasia induced during critical periods of mammary development through the first pregnancy leads to a permanent increase in cell number.
Ornithine decarboxylase is a key regulating enzyme in the biosynthesis of polyamines in mammalian cells and plays an important role in the control of a variety of biological processes including cellular metabolism, differentiation, membrane function, and proliferation. Ornithine decarboxylase activity increases markedly during the initial stage of cell proliferation and differentiation, and elevated activities of ornithine decarboxylase are normally present in rapidly growing tissues (17, 18) . Ornithine decarboxylase mRNA is higher in mammary tissues collected from compensatory rats during midpregnancy (14) as well as early lactation of the first lactation cycle (2, 4); more important, this increase persists through the second lactation cycle (2, 4) . The increase in ornithine decarboxylase may be correlated to the metabolic shift necessary for the increased cell proliferation and for the increased milk protein synthesis during the early phase of lactogenesis.
Distinct steps of cellular differentiation take place during gestation and lactation. The caseins are major milk proteins and are secreted only by differentiated mammary tissues. The extent to which casein is synthe- 4 , ER for the first 10 days of gestation followed by RA for the remainder of gestation; ref 2, ER for 2 wk preconception followed by RA for 2 wk, then ER for 3 wk preconception, followed by RA during preconception and early gestation.
* Different from control, P Ͻ 0.05.
sized in the mammary gland depends on the accumulation of corresponding mRNA. The changes in ␤-casein mRNA levels in mammary tissues are summarized in Table 2 . The expression of the ␤-casein gene is higher (40 -74%) in mammary tissues during late gestation from heifers reared on a compensatory nutrition regimen than in those from conventionally raised heifers. In early lactating mammary tissues from rats on compensatory nutrition, there is also a pronounced increase in ␤-casein message, amounting to 132% and 48% for first and second lactation cycles, respectively (3). The ␣-and ␥-casein and whey acidic protein mRNA are also higher in lactating mammary tissues from rats reared on a compensatory nutrition regimen (21). The increase in major milk protein genes is an indication of increased differentiation and functional activity in mammary tissues. Lactation is characterized by widespread changes in the metabolism of tissues to ensure a sufficient supply of substrates to the mammary gland for milk production. The membrane-bound enzyme ␥-glutamyltranspeptidase is involved in the regulation of the entry of amino acids into the cell (22) . Mammary tissues obtained during both early and late lactation from compensatory nutrition rats have higher levels of ␥-glutamyltranspeptidase mRNA compared with those from the control group over two lactation cycles (2) . This elevation in the expression of ␥-glutamyltranspeptidase may be related to the increased secretion of total protein (20) and casein (10) in milk from animals reared on compensatory nutrition regimens. As with cell proliferation, differentiation, as evidenced by increased messages of ␤-casein and ␥-glutamyltranspeptidase, remains enhanced over several lactation cycles, which may indicate that compensatory mammary hyperplasia is associated with stable permanent changes in gene expression.
Lactation potential
One of the most notable effects of our compensatory nutrition regimen is the enhancement of lactation performance ( Table 3) . Studies encompassing one to four lactation cycles show that dairy heifers reared on compensatory growth regimens produce an average of 10% more milk than conventionally reared control heifers (10, 15, 24) .
Major factors that influence peak milk yields are the number of secretory alveolar cells and the secretory activity of the cells (27) . Persistency and longevity of lactation are chiefly regulated by rate of cell proliferation during late pregnancy to early lactation and programmed cell death (apoptosis) during late lactation (28) . Mammary tissue collected during late lactation from stair-step rat exhibits less cell death during the first and second lactation cycles (2) . Further, caspase-3 enzyme (an enzyme correlated with apoptosis because of its location in the protease cascade pathway) activities in late lactating mammary tissues from compensatory group rats are lower than in those from control rats for the first and second lactation cycles (4), indicating that mammary cell death may be occurring at a slower rate in the compensatory group.
Finally, insulin-like growth factor-I (IGF-I), which regulates mammary gland development through both promotion of cell cycle progression and inhibition of apoptosis (29) , is lower in mammary tissues from the compensatory group than in those from the control group during early lactation and higher during late lactation (3) . The expression of IGF-I during early lactation may be a possible negative factor for milk production in rats, and the compensatory-mediated increase in IGF-I mRNA during late lactation may have a suppressing effect on apoptosis of mammary cells.
NUTRITION AND EPIGENETIC CONTROL OF GENE EXPRESSION
The term metabolic imprinting describes the process whereby cells have a biological memory for nutritional influence that can be passed on to daughter cells through mitotic cell division (30) . Epigenetics refers to stable alterations in gene expression that arise during development and cell proliferation and are subsequently retained through mitosis (31) . While such epigenetic changes in the genome are heritable but do not involve mutations of the DNA itself, DNA methylation is accepted as one of the most important underlying biological mechanisms regulating the metabolic imprinting process (32) . DNA methylation is a postreplication process by which cytosine nucleotides in CpG sequences are methylated to 5-methylcytosine, forming gene-specific methylation patterns (33) . DNA methylation might be responsible for the stable maintenance of a particular gene expression pattern through mitotic cell division (34) . Nutrition research has recently emphasized the role of diet in DNA methylation and effects on stable epigenetic changes. Restricted feeding during early phases of development causes metabolic imprinting that leads to increased susceptibility to cardiovascular disease in later life (35) , increased insulin sensitivity as an adaptive response (36), or decreased longevity (37) . The hormonal milieu present during pregnancy results in lasting changes in the pattern of gene expression in the mammary gland, leading to permanent changes in cell fate that determine the subsequent proliferative response of the gland (38) . These hormonally induced persistent changes in gene expression may be mediated by epigenetic alterations in DNA methylation status of promoter sequences (39). Choi et al. (19) . observed that the 5Ј-methyldeoxycytidine level was lower in mammary tissue collected during the compensatory growth phase from late gestation heifers compared with that from control heifers. This decrease in DNA methylation may be correlated to the increased expression of milk protein genes.
WORKING HYPOTHESIS: COMPENSATORY GROWTH-DIRECTED METABOLIC IMPRINTING
The permanent effect of this nutrition regimen on mammary development and lactation strongly suggests a possible mechanistic link between nutritionally induced compensatory mammary growth, epigenetic control of gene expression, and metabolic imprinting (Fig.  1) . Through alterations in endocrine status, energy restriction during midgestation redirects energy flow to energy-conserving activities. Subsequent realimentation (refeeding) during late gestation induces compensatory growth that is characterized by activation of hormonal and gene signals resulting in accelerated growth and metabolism. The synergistic interaction of nutritionally induced compensatory growth with developmentally related allometric growth initiates an upregulation of genes affecting cell proliferation and differentiation. This compensatory developmental cascade triggers, most likely via a specific hormonal environment, alterations in DNA methylation patterns resulting in epigenetic changes in mammary gene expression. Increased mammary cell proliferation causes permanent hyperplastic and hypertrophic growth of the parenchymal tissues of the mammary gland; this may launch the metabolic imprinting process. Therefore, compensatory directed metabolic imprinting once set during the last trimester of the first pregnancy persistently maintains and exerts its adaptive response on mammogenesis and life-long galactopoiesis (i.e., maintenance and/or enhancement of milk secretion).
Of all the potential effects of early nutrition experiences upon metabolic imprinting mechanisms, a permanent alteration in cell number is the simplest and easiest to put forward. Cell proliferation is dependent on nutrient availability, the general nutritional status, and certain hormonal signals (30) . During compensatory allometric development (e.g., late gestation), the mammary gland may increase in size by an increase either in cell number (hyperplasia) or in cell size (hypertrophy). The number of mammary cells determines the metabolic activity of mammary gland. Hence, a permanent increase in cell number will persistently affect mammary gland metabolism.
Most tissues involved in imprinting undergo continuous cellular turnover. Hence, cells exposed to nutri- tional stimuli during a specific critical window of growth must pass the effects of the exposure onto their progeny. Waterland and Garza (30) proposed that putative metabolic imprinting must meet certain criteria. First, the susceptibility to the imprinting phenomenon must be limited to a critical window of development. The last trimester of pregnancy is the most hormone-sensitive stage during which the majority of allometric mammary development takes place. We have shown that compensatory growth once induced during late gestation has pronounced effects on gene expression, mammogenesis, and lactation. Second, the specific effect should be persistent, lasting the lifetime of the animal. Our studies clearly reveal that the increase in mammary cell proliferation is evident over two lactations. Third, the imprinting should exhibit an adaptive response with a specific measurable result. Indeed, compensatory mammary growth induced during critical stages of development through the first pregnancy enhances lactation performance over multiple lactation cycles.
CONCLUSIONS AND IMPLICATIONS
We have established that the stair-step compensatory nutrition regimen has lasting effects on mammary development, differentiation, and lactation. Thus, the principal challenge will be to document the extent to which nutritionally directed compensatory mammary hyperplasia induced once during the first gestation affects methylation status, thereby producing stable epigenetic changes in genes, the result being a metabolic imprinting process. If heritable genes regulating milk synthesis are identified, the possibility exists to manipulate genes to further improve lactation as well as the longevity of lactation. In the biomedical field, the ability to influence heritable genes regulating milk synthesis may be used to improve quality and quantity of milk (e.g., infant health, the secretion of certain immunoglobulins or growth factors); in the animal industry, an increase in lactation efficiency could increase profits without increasing cow number, which has economic as well as environmental impact (e.g., land use).
